A description of the various theoretical tools available for asteroseismology of white dwarf stars is given. These include: period spacings between consecutive radial overtone g-modes, the mean of the period spacings, mode trapping -as displayed by a period spacing diagram or the equivalent and frequency splittings within a multiplet for a given pulsation mode.
Introduction
In this review, I describe the theoretical tools used to extract the information about the structure of a star from an observationally determined set of frequencies. I will not review the observational techniques (see Nather et al. 1990 ), the theory of white dwarf stars in general (see Winget 1988a,b for examples) or the pulsation theory (see Cox 1980 , Unno et al. 1989 . Also, I assume we already have an observationally determined set of pulsation frequencies and amplitudes, such as presented by Winget et al. (1991 Winget et al. ( , 1994 . The core is predominantly carbon and oxygen. Overlying the C/O core is a thin surface layer that determines the spectroscopic characteristics and our name for the star. The PG 1159 stars are pre-white dwarfs with helium, carbon and oxygen present in their spectra and have effective temperatures of 10 5 K or greater. The PG 1159 stars are members of a spectroscopic class, without regard for whether or not they pulsate. If the white dwarf star has lines of ionized helium present, it is a DO white dwarf; neutral helium lines are present in the atmospheres of the DB white dwarfs. Finally, most white dwarfs above 10 000 K have only hydrogen lines present in their spectra and are called DA white dwarfs. All of the helium in the DA white dwarfs lies below the surface due to the strong (log <7 ~ 8) gravitational field present.
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If astronomers were limited to spectroscopic analysis of white dwarfs, much of the theory concerning these objects would not be challenged and the amount of information about the structure of white dwarfs would be quite limited. Fortunately, a subset of the PG 1159 stars, the DB and the DA white dwarfs pulsate in nonradial <7-modes, where buoyancy provides the restoring force. All three groups of pulsators appear to owe their pulsation driving from the k, 7 mechanism operating in their partial ionization zones (Winget 1981; Winget et al. 1982; Starrfield et al. 1983 Starrfield et al. , 1984 Stanghellini, Cox & Starrfield 1991; Bradley & Winget 1994a ). The different ionization potentials of the dominant element are responsible for the effective temperature range of the instability strips. Various studies suggest that most of the pulsators are otherwise normal white dwarfs passing through an instability strip (Fontaine et al. 1985) , so that what we learn about the structure of the pulsators should apply to white dwarfs in general. Observations of several pulsating white dwarfs coupled with a previous generation of white dwarf and prewhite dwarf models (Tassoul, Fontaine & Winget 1990; Kawaler, Hansen Sz Winget 1985) demonstrated the potential for asteroseismology, but the models were of insufficient quality for a detailed analysis. However, Bradley, Winget & Wood (1992 and Kawaler & Bradley (1994) created a new generation of models appropriate for the DOV, DBV and DAV stars that include more recent input physics. Also, we now have the ability to generate models with essentially arbitrary total mass, surface layer mass and composition profile.
The relatively simple layered structure of white dwarfs, along with the rich observed mode structure make white dwarfs particularly appealing targets for asteroseismology. An appealing factor of white dwarf seismology is that it will allow astronomers to determine the structure of the most common end state of stellar evolution, which will in turn better constrain what happened to them before they became white dwarfs. This will offer valuable constraints on the theoretical modelling of stars evolving from the Asymptotic Giant Branch and the Extreme Horizontal Branch, both of which are poorly understood at present. A better knowledge of white dwarf interiors will also offer us insight on the properties of matter under extremes of density and temperature not replicatable in terrestrial laboratories. With a better knowledge of how white dwarfs cool, we can probe the previous history of star formation in the galactic disk (Wood 1992) and -when observations permit -the galactic halo. After using asteroseismology to determine the physical parameters of GD 358 and PG 1159-035, I discovered some other astrophysical consequences of asteroseismology. I obtain an absolute luminosity of the star as part of the modelling process; this, coupled with the observed mean brightness and the bolometric correction, allows me to determine the distance to the star that is independent of trigonometric parallax techniques. Once we know the luminosity of pulsating white dwarfs, they can serve as "standard candles", telling us more about the distance of gas and dust clouds causing interstellar reddening. As a long term project, we can use the distance and proper motion of pulsating white dwarfs to probe the dynamics of the local galactic disk.
Evolutionary models and pulsation analysis codes

The white dwarf evolution codes
To construct evolutionary DA and DB white dwarf models, I use the white dwarf evolutionary code (= WDEC; Lamb & Van Horn 1975; Wood 1990 ) with updates in the input physics and treatment of the Brunt-Vaisala frequency. To construct the equilibrium models for the PG 1159 stars, I had to modify WDEC in the manner described by Kawaler & Bradley (1994) .
I start the evolution with models appropriate for the planetary nebulae nucleus (PNN) stars; they have logL/L® ~ 3.5, log T E FF ~ 5.4 and C/0 cores. The PG 1159 models have surface layers consisting of He/C/O mixtures, which I describe using EOS tables of Fontaine, Graboske & Van Horn (1977) and a special EOS table for oxygen constructed by S. Kawaler (Kawaler & Bradley 1994) . I model the transition region of PG 1159 models by specifying the He/C/O mass fraction at specified mass points. This gives me the freedom to construct a composition profile that best matches the spectroscopic and pulsational constraints simultaneously. The DB models have a layer of pure helium on top of the C/0 core, while the DA models have a thin veneer of pure hydrogen overlying the helium layer. For these models, I use exponential transition zone profiles based on the results of diffusion theory (see Arcouragi & Fontaine 1980) . I can evolve models with any mass between 0.4 and 0.8 M®, which contains the observational mean mass of ~ 0.6 MQ (Oke, Weidemann & Koester 1984; Weidemann 1990; Bergeron, Saffer & Liebert 1992 ). For further model construction details, consult Lamb & Van Horn (1975) , Wood (1990) and Bradley, Winget & Wood (1993) .
Pulsation analysis codes
For my pulsation analysis work, I use a fourth order RungeKutta-Fehlberg (= RKF) integrator code with error limiters (Kawaler, Hansen & Winget 1985) to solve the nonradial oscillation equations in the form described by Saio & Cox (1980) . RKF also has the ability to interpolate extra zones into an equilibrium model until it is satisfied the nodes of an eigenfunction are resolved, so RKF continues to perform well on high overtone modes. I only consider I = 1 through 3 g-modes because geometric cancellation effects should make I > 3 modes unobservable (Dziembowski 1977) . We solve for the pulsation periods (P), kinetic energies of oscillation, eigenfunctions (yi -j/4) and the nonradial weight functions described by Kawaler et al. (1985) . RKF is not suitable for solving the nonadiabatic version of the oscillation equations; here we use a second order Newton-Raphson relaxation technique, referred to as GNR1 (see Osaki h Hansen 1973; Winget 1981; Carroll 1981; and Unno et al. 1989 for details). For details concerning the derivation of the nonradial oscillation equations and the numerical methods used to solve them, see Unno et al. (1989) and Kawaler et al. (1985) .
Tools of asteroseismology and example results
The asteroseismological tools I present depend primarily on two physical principles. First, in the asymptotic limit of high radial overtone numbers and homogeneous models, consecutive overtone (¡r-modes are equally spaced in period. Second, white dwarfs have a layered structure that allows a limited number of modes to fall into a mechanical resonance within the surface layer, offering a selection mechanism to enhance their amplitudes.
Here, I provide an observer oriented guide to the tools of asteroseismology. I list the observationally derived quantity and show the stellar parameters one can determine from it. Finally, I provide a table listing the stellar parameters and their most influential observational quantities for cross-reference and index purposes.
Mean period »pacings
Gravity modes have predominantly horizontal motions, and an asymptotic analysis of the pulsation equations yields the period for the Hh radial overtone g-mode as where no is the characteristic spacing for gr-modes, k is the number of nodes in the radial direction and e is a small model dependent number.
If we observe enough modes of the same £ value, we can average the period spacing between consecutive overtone modes to obtain the mean period spacing for a given £ value ((APe)). The mean period spacing is related to no by As the mass of a white dwarf increases, the Brunt-Vaisala frequency drops in response to the increasing core degeneracy, causing the mean period spacing to drop as well. The mean period spacing is a powerful tool for obtaining values for the mass of white dwarf stars, because the instability strips are narrow enough that no and (APi) are more sensitive to the stellar mass than effective temperature. The mean period spacing has a weak dependence on the core composition; cores enriched in elements heavier than carbon have smaller (APi) values for a given stellar mass.
For PG 1159-035, (APi) is 21.4 s, which corresponds to a mass of 0.59 Mq; more detailed modelling confirms this and yields a mass uncertainty of 0.01 M0 (Kawaler &; Bradley 1994) . Precise (APt) values are not available for the other pulsating PG 1159 stars, but the preliminary values suggest masses between 0.55 and 0.65 M®. GD 358 is the other star for which we have an accurate seismological mass; here, (APi) is 39.5 s, corresponding to a mass of 0.61 M®, with an uncertainty of 0.03 M® based on detailed modelling. We also have a preliminary mass estimate of ~ 0.62 M® for PG 1115+158, based on a preliminary analysis of WET data (Clemens et al. 1993) .
Deviations from mean period spacings (mode trapping)
White dwarfs have a layered structure that allows some g-modes to be caught in a mechanical resonance, affecting their properties. Mode trapping was first described in the context of white dwarfs by Winget, Van Horn & Hansen (1981) . Physically, mode trapping is a resonance phenomenon that results when the wavelength of a gmode is the same as the thickness of a layer within the white dwarf. When this happens, the eigenfunction amplitude concentrates near the surface -for the case that interests us -resulting in much shorter period spacings between consecutive overtone modes as modes get pulled towards the trapping "well". The amount of mode trapping depends on the quality of the resonance; this depends on the depth and thickness of the transition zone(s).
Hansen (1987) first developed a relation between periods of trapped modes and depth of the trapping layer beneath the surface, which Brassard et al. (1992a,b) developed and applied in detail to DA white dwarf models. This relation provides useful constraints on the surface layer mass, provided one (or more) trapped mode periods are known. To obtain a first estimate of the surface layer mass, I use a version of Brassard et al.'s Equation 17 (originally cast by Hasen), which I refer to as the trapped mode period (TMP) relation:
where P lf e is the period of the zth trapped mode, i = 0, 1, 2, ... is the number of nodes between the surface and the trapping region, the A, are trapping coefficients determined by model fits and (1 -i?tr/R*) is the fractional depth of the transition zone of interest. I derive trapping coefficients by averaging the Aj values (see Kawaler & Weiss 1990; Brassard et al. 1992a,b; Bradley, Winget & Wood 1993; and Bradley 1993 for coefficient values) from trapped mode periods for many white dwarf models of a given type with differing stellar masses and surface layer masses. This relation works well for the DA and DB models, but not so well for PG 1159 models. In the latter case, there are two interfaces to deal with and rapid changes in trapped mode identity as the models cool, which the asymptotic theory is not equipped to handle. To determine the thickness of the surface layer more accurately, I use plots measuring the deviations from the mean period spacing versus the pulsation period of the mode. There are two equivalent ways to plot this information. The first method is to plot the period spacing between two consecutive overtone modes versus Pk (forward differencing), as shown in Fig. 1 for the observations of GD 358 and the "best fitting" model (top panel). This method has the disadvantage of AP being undefined if all of the consecutive overtones are not present. Examples of period spacing plots may be found in Kawaler (1987 Kawaler ( , 1990 , Kawaler & Weiss (1990) , Bradley & Winget (1991) , Brassard et al. (1992a,b) , Bradley, Winget & Wood (1993) and Bradley (1993) . Also, there is a choice of using forward differencing -presented here and used almost exclusivelyor backward differencing, which Kawaler & Bradley (1994) use for their analysis of PG 1159-035. Alternatively, one can work with deviations from the mean period spacing (dP), as presented by Bradley & Winget (1994b) and Winget et al. (1994) for GD 358, which we show in the bottom panel of Fig. 1 for comparison to the period spacing plot. In both cases, the helium layer mass of GD 358 is around 2 x 10~6M*. A similar analysis using the 1989 WET data for PG 1159-035 yields a He/C/O surface layer mass of ~ 4 x 10 _3 M*.
A P = Pfc+i -Pk
Rates of period change
Because white dwarfs are cooling and contracting, the BruntVaisala frequency and hence, the periods change in response. Schematically, the rate of period change may be written as (see Winget, Hansen & Van Horn 1983) 1 dP_ _ a dT b dR
where T is the temperature in the region of maximum weight, R is the stellar radius, and a and b are constants of order unity determined by the physical properties of the model. Core cooling, which occurs in all of the models we study, tends to make the pulsation period increase. On the other hand, gravitational contraction -especially in the PG 1159 models -makes the period decrease as the BruntVaisala frequency increases in response to the steepening pressure and density gradients in the outer layers. Observationally, we only have one solid rate of period change. It is dP/dt = -2.49±0.06x 10 -11 s s -1 and indicates that gravitational contraction dominates for this mode. Kawaler & Bradley (1994) show that only the trapped modes of their pulsating PG 1159 models predict negative rates of period change; all others are positive. At present, the best model for PG 1159-035 has a negative rate of period change for the 516 s mode, but it is a factor of 10 too small. Further work with models having "fluffier" outer layers should resolve this discrepancy. Contraction is essentially negligible in the DB and DA models, so their rates of period change will be positive, although mode trapping will make the rate of period change smaller than for untrapped modes. Expected values are dP/dt ~ 10 -14 s s -1 for DB white dwarfs and ~ 10 -15 s s -1 for DA white dwarfs.
3-4-Fine structure splitting (rotation and magnetic fields)
If the star is rotating and/or has a magnetic field, it will reveal itself by splitting each radial overtone mode into a multiplet. For slow rotation (Prot ^ Pg), each mode is split into 2^+1 multiplets, although the relative driving of each multiplet and the viewing geometry determine whether we see all 2^+1 components or not (Unno et al. 1989) . (The sign convention is the same as in Winget et al. 1991 Winget et al. , 1994 and is the opposite of that presented Period (sec) Fig. 1 . Alternative ways to determine the observational effects of mode trapping. We obtain the same helium layer mass for GD 358 whether we use a period spacing (AP vs. P) diagram (upper panel) or a deviation from the mean period spacing (dP vs. P) diagram (lower panel). In both cases, solid dots represent secure observed periods, hollow dots less certain periods and solid squares represent theoretical periods. splitting, but it differs for different overtones. We see evidence for this effect in GD 358, but not PG 1159-035. It is also possible to detect second order rotational splitting effects if the observational measurements are good enough, such as for the DA white dwarf LI9-2 (O' Donoghue & Warner 1987 and Brassard et al. 1989 ). In the limit of uniform rotation with periods of the order of 1 day, the second order splitting for term for t = 1 gr-modes in the asymptotic limit is at the level of 0.001 -0.01 //Hz and increases the splitting between the m = 0 and m = -1 (retrograde) modes. This asymmetry is opposite to what we see in GD 358 and much smaller than the observed asymmetry, which is as large as 0.7/iHz. To explain the asymmetry in the multiplet structure of GD 358, Winget et al. (1994) invoke a weak magnetic field that acts as a perturbation to the rotational splitting. If only a magnetic field is present, we would see each radial overtone broken into t + 1 multiplets, with the frequency of the m ^ 0 modes being greater than that of the m = 0 mode (Jones et al. 1989) . The other signature of pure magnetic field splitting is the magnitude of the splitting increases with increasing period. When a magnetic field is present in a rotating and pulsating star, the effect on the frequency splitting within a multiplet can be complicated. If we assume the magnetic field is weak enough so that it only perturbs the fine structure pattern laid down by rotation, then we would see an asymmetric multiplet structure like that seen in GD 358. For GD 358, Winget et al. (1994) estimate the field strength to be ~ 1300 Gauss. Winget et al. (1991) do not find any asymmetry in the multiplets of PG 1159-035 down to the 0.1 //Hz level, and use this upper limit to place an upper limit of ~ 6 000 Gauss on the magnetic field present in PG 1159-035.
Nonlinear behaviour
Nonlinear behaviour covers amplitude changes of pulsation modes, the mechanism that limits the pulsation amplitudes and the presence of harmonics and combination frequency peaks. The two most studied objects -PG 1159-035 and GD 358 -both show amplitude changes of various peaks with time, as do several other pulsating white dwarfs. At present, we have observational evidence for these effects, but theoretical efforts in this direction are still in their infancy. A problem with much of the nonlinear theory is that it requires an accurate knowledge of the nonadiabatic behaviour of pulsations, which is not reliable enough for white dwarfs. For the pulsating PG 1159 stars, the chemical composition of the driving region is not well constrained yet. In the DB and DA white dwarfs, convection is intimately involved with pulsation; current pulsation analyses do not take these convection-pulsation interactions into account, except for a few crude studies. For now, our best hope lies with garnering enough observational data to constrain nonlinear theory choices and developing analytical models to better understand their behaviour on the theoretical pulsation periods and amplitudes.
Stellar parameters and the quantities that influence them
In the following table, I list the stellar parameters and the observational quantities that most influence them. The minor effects are listed inside parenthesis. 
Conclusions
The long talked about potential of asteroseismology is now reality. When we get high quality data from the WET, we can determine many of the basic parameters of the star under scrutiny. I describe briefly what observational parameters are used to determine the stellar mass, the surface layer mass, the thickness of the transition zone and the mean atomic weight of the core. When I determine a best fitting model, I can also derive the distance to the star, independent of stellar parallax measurements. This represents one of the few cases where we can check fundamental astrophysical information through independent methods. We now need to expand the number of objects with well determined stellar quantities and continue observing the well-studied objects PG 1159-035, GD 358 and the DA white dwarf G29-38 to better understand the physics of nonlinear pulsations.
